In the present study, we asked where attraction versus repulsion is encoded. Netrin and Slit receptors in Drosophila melanogaster provide an ideal opportunity to answer this question. In Drosophila, both Netrins (NetA and NetB) ( Growth cones expressing Fra-Robo are repelled by Nesome property of the receptor or receptor complex. Altrin-expressing midline cells, leading to a Netrin-depenternatively, differences in the internal state of the growth dent phenotype in which too few axons cross the midcone and/or differential expression of cytoplasmic sigline. Growth cones expressing Robo-Fra are attracted naling components could influence the sign of growth to the Slit-expressing midline cells, leading to a phenocone response.
receptors. The chimeric receptors, when expressed at to a phenotype in which too few axons cross the midline ( Figure 1E ). We make the opposite prediction for Robohigh levels, dominate the growth cone's response and appear to overshadow the function of the normal Netrin Fra ( Figure 1C ): growth cones expressing Robo-Fra should now be attracted to the Slit protein, and too many axons and Slit receptors. The strength of the phenotypes is highly dose dependent. Interestingly, migrating muscle should cross and/or grow along the midline (Figures 1F and 1G). As described below, our results confirm both precursors expressing Robo-Fra respond to Slit in the same fashion as do Robo-Fra-expressing growth cones.
predictions. Thus, although these muscle precursors are normally repelled by the midline, they contain the necessary maPan-Neural Expression of Fra-Robo Directs Axons Away from Netrin chinery to generate the attractive response mediated by Fra's cytoplasmic domain, even though they normally Flies carrying fra-robo transgenes and flies carrying elav-GAL4 were crossed together to generate animals that do not express Fra.
express Fra-Robo in all neurons during development, beginning at the time of axon outgrowth. Embryos carResults rying one copy of the fra-robo transgene and one copy of the elav-GAL4 driver have commissures that are sig-
Constructs and Phenotypic Predictions
We exchanged the cytoplasmic domains of the Fra atnificantly thinner than wild type (Figures 2A and 2B ). These animals are viable and when crossed to each tractive guidance receptor and the Robo repulsive guidance receptor ( Figures 1A-1C) . The two constructs were other generate embryos expressing higher levels of FraRobo. The progeny of these crosses show phenotypes cloned downstream of UAS activation sequences to allow targeted misexpression using various GAL4 lines ranging from wild type to completely commissureless ( Figure 2C The dramatic difference between the Fra-Robo expression phenotypes and the fra loss-ofin innervation of muscles 7 and 6 and/or other motor axon guidance defects consistent with Netrin acting as function phenotypes argues against the dominant-negative hypothesis. If Fra-Robo were a dominant negative a repulsive cue. We observe a dramatic reduction in innervation at muscles 7 and 6 (78%, n ϭ 155), as well for fra function, we would expect its phenotype to mimic fra loss of function. However, fra-robo phenotypes are as other defects in the intersegmental nerve b (ISNb) pathway (predominantly bypass and stalls) as compared stronger and qualitatively different than fra loss-of-function phenotypes, both in the CNS and the periphery. to wild type, suggesting that the normal Netrin expression by these two muscles is repelling the Fra-RoboFurthermore, overexpression of a truncated Fra receptor (see Experimental Procedures) does not generate domiexpressing motor growth cones ( Figures 2D and 2E) . In contrast to fra and Netrin mutants, in which the ISN nant phenotypes (data not shown). Taken together, these observations suggest that Fra-Robo is not a Fra domifrequently crosses the segment border and fasciculates with the ISN in the adjacent segment, we do not observe nant negative but rather that it senses Netrin as a repulsive cue. this phenotype in fra-robo gain-of-function animals.
We also see defects in the projection of the transverse nerve (TN). In wild-type embryos, a peripheral neuron, the LBD cell, projects one axon distally toward the alary The Fra-Robo Expression Phenotype Is Dependent on Netrin but Not on Frazzled muscle and another axon proximally toward the CNS. Early in stage 16, the proximally projecting LBD axon Since the fra-robo gain-of-function phenotype is considerably stronger than either the Netrin or fra loss-ofmeets and fasciculates with one of the distally projecting TMN axons to form the TN ( Figure 2D ). This occurs function phenotypes, we wanted to determine whether either of these two mutations would be epistatic to franear the segment border just adjacent to muscle 7 (see Winberg et al. [1998a] for details and references). The robo. A strong prediction of the model that the Fra-Robo receptor is interpreting Netrin as a repulsive cue is that projection of the TN is not affected in Netrin or fra mutants. However, in embryos expressing high levels of the commissureless phenotype should be dependent on Netrin but not on fra function. Therefore, we examFra-Robo, the TN fails to form over muscles 7 and 6, suggesting that these axons are also now repelled by ined the effects of removing Netrin or fra function from fra-robo gain-of-function embryos. the Netrin expressed by muscles 7 and 6 ( Figure 2E) ; (E) A fra null mutant embryo that is also expressing high levels of the Fra-Robo chimera. This animal is still completely commissureless, indicating that loss of fra function does not suppress the fra-robo gain-of-function phenotype. However, the phenotypes appear to be additive in that we observe effects of the fra mutation on the integrity of the longitudinal axon tracts (broad arrow). To determine whether this regulatory information is robo results in a Netrin phenotype ( Figure 3D ), allowing significant formation of many commissures (see Experipresent in the cytoplasmic domain (or transmembrane domain) of the Robo receptor, we examined the localizamental Procedures for details). In contrast, removing fra function has no effect on the fra-robo commissureless tion of the Fra-Robo receptor using the C-terminal Myc epitope tag. We chose a weakly expressed insert of the phenotype; rather, the two phenotypes appear to be additive: commissures do not form, but breaks are observed fra-robo transgene because embryos carrying this insert do not display any mutant phenotype (data not shown). dominant negative. We therefore sought to express higher levels of Robo-Fra, reasoning that a dominantnegative Robo receptor should not be able to generate a phenotype that is stronger than robo loss of function, while a receptor that was sensing Slit as an attractive cue should have no such constraint and might generate a gain-of-function phenotype that approaches the stronger slit loss of function. By creating animals with different doses of the robo-fra transgene, we were able to generate a range of different expression levels and a corresponding phenotypic series (Figures 5D-5F ). At intermediate levels of expression, Robo-Fra generates a CNS phenotype slightly stronger than robo null mutants (compare Figures 5B and 5E ). At even higher levels, the CNS phenotype is markedly more severe than robo mutants and approaches the midline collapse phenotype characteristic of slit mutants ( Figures 5C and 5F ). These observations argue that Robo-Fra is responding to midline Slit protein as an attractive cue and that the cytoplasmic domain of Fra is able to access the machinery downstream of attractive guidance independent of Netrin.
Netrin

Robo-Fra Does Not Act as a Dominant Negative
Although the severity of the high-level expression phenotype of robo-fra would seem to preclude the possibility that it is acting simply as a robo dominant negative, 
Consistent with the prediction that axons expressing
We directly compared the expression phenotypes of the Robo-Fra chimera would now be attracted to Slit robo-fra with those of the truncated Robo construct protein at the midline, we find that embryos carrying a robo⌬C. We used the Fas II monoclonal antibody (mAb; single copy of a robo-fra transgene and a single copy 1D4) because it stains a subset of axons that normally of elav-GAL4 exhibit marked perturbation of the wilddo not cross the midline ( Figure 6A ) and therefore protype axon scaffold, with far too many axons crossing vides a sensitive measure of whether axons are inapprothe midline (Figures 5A and 5D ). These single-dose robopriately crossing the midline. In addition to comparing fra embryos show a phenotype very similar to robo lossthe effect of pan-neural expression (elav-GAL4) of these of-function mutants ( Figure 5B) . constructs, we also compared the effects of expressing While the single-dose robo-fra phenotype fits the prethe two constructs with the fushi tarazu neurogenic elediction that growth cones expressing this chimera are ment driving GAL4(ftz ng -GAL4), which drives expression interpreting Slit as an attractive signal, it is also consisin a subset of neurons whose axons do not normally cross the midline. tent with the idea that Robo-Fra is functioning as a Robo 
None of the four inserts of robo⌬C exhibit any CNS
No such differential sensitivity between effects of ftz ng -GAL4 and elav-GAL4 was observed for Robo-Fra. Taken phenotype when expressed in single copy with elav-GAL4, while in the case of robo-fra, all of the inserts together, these observations strengthen the conclusion that the Robo-Fra receptor does not act negatively, but give strong CNS phenotypes in single copy. In addition, anti-Myc antibody staining reveals that the robo-fra and rather that it acts as a true gain of function, responding to Slit as an attractive signal. robo⌬C transgenes are expressed at comparable levels and show similar degrees of axonal expression (data not shown). At higher levels of expression, dominant-
Mesodermal Expression of Robo-Fra Causes Muscles to Invade the Midline negative effects of robo⌬C are revealed and a robo-like phenotype results (Figure 6B). These phenotypes are
In addition to functioning as a short-range repellent for axons navigating near the midline, Slit also functions not nearly as severe as those observed for robo-fra ( Figure 6C ) and never exceed the robo loss-of-function as a long-range chemorepellent for migrating muscle precursors (Kidd et al., 1999). In wild-type Drosophila phenotype. Indeed, all of the robo-fra transgenes give comparable or stronger phenotypes in single copy than embryos, myoblasts initially migrate laterally away from the midline over the inside surface of the developing the strongest robo⌬C transgene when expressed in double copy (data not shown). Finally, we compared CNS. Later in development, some muscles extend back toward the ventral midline beneath (i.e., outside of) the the effects of expressing the chimera and the dominant negative with ftz ng -GAL4. We find that the highest dose developing CNS, attaching to the epidermis at a distance from the midline (Lewis and Crews, 1994). To deof robo⌬C transgene in ftz ϩ neurons results in only very few axons inappropriately crossing the midline (Figure termine whether expressing the Robo-Fra chimera on muscle precursors would affect their migration, we used 6D), while ftz ϩ neurons expressing Robo-Fra readily cross or grow along the midline even at relatively low the pan-mesodermal GAL4 line 24B-GAL4 to drive Robo-Fra expression. In contrast to wild-type embryos transgene dosages ( Figure 6E and data not shown) . The difference between the effects of robo⌬C in the two ( Figure 7A ), in embryos overexpressing Robo-Fra on all muscles, muscle precursors are observed extending different cases examined could reflect a difference in the susceptibility of the ftz ϩ neurons to effects of the toward and across the midline (Figures 7C and 7D) . In addition to showing abnormal migration, the muscle dominant negative. Perhaps since ftz ϩ neurons require Robo to prevent them from extending axons across the precursors invading the midline also have unusual morphology, sending out many long thin filopodial and flatmidline, they may represent a subset of neurons that normally expresses relatively higher levels of Robo and tened lamellipodial extensions toward the Slit-expressing midline, suggesting that they are now attracted to thus may be more resistant to the dominant negative. Figures 7C and 7D ). Muscles at a distance from guidance signal, nor is there any information in the particular ligand-binding property of a receptor's ectodothe midline, such as muscles 7 and 6, develop quite normally. The fact that only those muscles that are navimain. Rather, and perhaps not surprisingly, the nature of the response is encoded in the cytoplasmic sequence. In gating near midline sources of Slit show these abnormal phenotypes and that expressing a normal Robo receptor short, these two guidance receptors are modular and their ectodomains and cytoplasmic domains are interor robo⌬C does not produce this effect argues that this phenomenon is specific to the chimera ( Figure 7B and changeable. In a companion paper (Hong et al., 1999 [this issue data not shown). These results support the conclusion that the Robo-Fra chimera can respond to Slit as both of Cell]), an independent in vitro study has come to a similar conclusion. Netrin receptors of the DCC family a long-and short-range attractant. Furthermore, these observations suggest that migrating muscle precursors mediate attraction, while those of the UNC5 family mediate repulsion; in at least some cases, DCC proteins are use downstream signaling machinery similar to that of growth cones to respond to guidance cues in their envirequired for UNC5 effects. A ligand-gated association between the cytoplasmic domains of UNC5 and DCC ronment.
Slit (
converts Netrin-mediated attraction to repulsion. A major conclusion of this study is that repulsion is encoded Discussion in the UNC5 cytoplasmic domain. In Drosophila, the same midline cells normally secrete In this paper, we have shown that the cytoplasmic domain of a guidance receptor can determine the nature both Netrins and Slit. Growth cones can simultaneously respond to both ligands in a cell-specific fashion. Some of the growth cone's response in vivo, independent of the ectodomain and its particular ligand binding. Fra growth cones express high levels of Fra and low levels of Robo, and they extend toward and across the midline. (the DCC family receptor in Drosophila), which normally mediates an attractive response to Netrin, can instead Other growth cones appear to express high levels of both receptors, and they can extend toward the midline, mediate a repulsive response to Netrin when given the cytoplasmic domain from Robo. In contrast, Robo, but they do not cross it (Kidd et al., 1998b) . Growth cones can dramatically change their levels of Robo expression; which normally mediates a repulsive response to Slit, can instead mediate an attractive response to Slit when once they cross the midline, growth cones increase their level of Robo, a change that prevents them from crossgiven the cytoplasmic domain of Fra. Thus, there is nothing intrinsically attractive or repulsive about a particular ing the midline again (Kidd et al., 1998a, 1998b) . Embryo-staining procedures were as previously described (Kidd et al. [1998a] ).
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